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I. INTRODUCTION
Surface plasmon polaritons (SPP), or plasmonics, is one of the most recently investigated topics in modern optics research due to its unique capability of guiding and confining light in spatial regions far below the ones predicted by the classical diffraction limit of the light. 1 Specifically, plasmonic crystals (PmC) are the key building block in a variety of newly developed micron-and nanoscale photonic devices designed for different applications such as resonant cavities, waveguides, multiplexers, splitters, and for dispersion engineering, sensing, and ultrahigh resolution imaging. [2] [3] [4] Among the various investigated configurations, dielectric-loaded PmC are particularly attractive due to their relatively simple realization, strong light confinement within the subwavelength dielectric layer, and the possibility of propagation loss reduction, or even compensation, when the dielectric layer is doped with an active gain medium. 5 Consequently, detailed experimental characterization and simulation analysis of dielectric-loaded PmC are fundamental to evaluate and to predict the performance of such structures for different photonic applications.
There have been recent reports of experimental results on the characterization of dye-doped dielectric-loaded PmC using plasmon-coupled leakage radiation. 6, 7 Although clear evidence of photonic Fermi surfaces and the presence of directional gaps were verified experimentally, the design of PmC continues to be purely empirical. In order to provide support design for specific device application and to obtain quantitative information concerning the bandgap formation in PmC, simulations of these structures are of critical importance. Simulations of different types of PmC have been previously reported. [8] [9] [10] [11] [12] [13] However, these simulations are quite often challenging due to the inherent presence of the dispersive and lossy metal layer. In contrast, simulations of dielectric photonic crystal (PC) counterparts are usually performed using the plane wave expansion (PWE) method, 14 whereby Maxwell's equations are formulated as an eigenvalue problem with periodic boundary conditions. This approach however cannot be directly extended to PmC, since the dielectric tensor is no longer Hermitian. 2 This has led to the use of alternative sophisticated and time consuming approaches to evaluate the band structure of crystals in dispersive media. [8] [9] [10] [11] [12] [13] The problem becomes even more complex as one attempts to calculate the behavior of a three-dimensional (3D) structure with two-dimensional (2D) periodicity. This is the case of typical dielectric-loaded PmC where, for instance, holes are present in the dielectric layer but not in the metal layer. Consequently a 3D problem must be solved, as opposed to that one where a 2D approximation can be employed for the case of holes in a metal sheet. 8 In this work we present a quantitative analysis of the equifrequency dispersion curves of dye-doped dielectricloaded PmC. 6 In our approach the 3D PmC can be approximated by a 2D periodic structure with appropriate real effective refractive indexes. As a result, the PWE method can be then used to predict the band structure of 3D PmC. In order to validate the proposed method we compare the simulated results with those obtained from SPP-tomography measurements on dielectric loaded plasmonic crystals with different lattice geometries and dimensions. 6 Excellent agreement between simulated and measured equifrequency dispersion curves in the momentum (k) space was verified for all plasmonic crystals investigated here. In addition, we present a qualitative analysis concerning the intensity contrast observed in the momentum-space images of the PmC and which effectively provides direct information on the directivity of the light propagating within the crystals. To the best of our knowledge, this is the first time that a detailed comparison between simulated equifrequency dispersion curves and measured Fourier Plane (FP) images from dielectric-loaded PmC is presented.
II. EFFECTIVE INDEX AND PLANE WAVE EXPANSION APPROACH
Schematic illustrations of a dielectric-loaded plasmonic crystal with square lattice symmetry are shown in Figs. 1(a) a)
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V C 2012 American Institute of Physics 111, 073105-1 and 1(b). The samples consist of a glass substrate, a thin gold film and a patterned PMMA (polymethylmethacrylate) layer. We assume that the structure can be modeled by a simple 2D PC with two distinct real effective refractive indexes: n 1 corresponding to the metal-PMMA region and n 2 to the metalair region. Under this assumption the band structure of the plasmonic crystal can be then determined using the PWE method applied to an equivalent PC with the real parts of the effective refractive indexes n 1 and n 2 . We justify this assumption as follows: while the PmC is highly lossy, we can suppose real effective refractive indexes as a good approximation for the eigenmode solution of the 3D PmC since the real part of the wavevector depends solely on the real part of the refractive index. This can be understood using the following relation:
where n is the complex effective refractive index and k is the complex wavevector of the guided plasmon mode. By equating real and imaginary parts of (1) we verify that k 0 , the real part of the wavevector depends only on n 0 , the real part of the effective refractive index of the mode. The shape of the equifrequency lines in the FP images of the PmC represents the real part of k (k 0 ), while their line widths are related to the imaginary part of k (k 00 ) which in turn is proportional to the reciprocal of the propagation length of the guided plasmon mode. 5 This suggests that the shape of the equifrequency lines in the momentum space depends primarily on the real part of the effective refractive index of the PmC. In other words, the shape of the equifrequency lines should not be altered when only real effective indexes are considered. In addition, we also can consider a 2D crystal geometry to first approximation due to the extremely high confinement of the electromagnetic field near the metal layer. If the values of k 00 are known, then one can, in principle, also model the intensity of the equifrequency lines observed in the FP images of dielectric-loaded PmC by adding the finite line widths corresponding to the plasmon propagation length.
In order to verify the effectiveness of our approach to simulate the equifrequency lines of the PmC, the effective refractive indexes n 1 and n 2 must be first determined. We used finite element method (FEM) analysis to determine the effective indexes of the fundamental plasmon mode.
Material refractive indexes 15 and thicknesses (t) used in our simulations were: (a) gold layer: n Au ¼ 0.30 þ i2.59 and t Au ¼ 50 nm; (b) PMMA layer: n PMMA ¼ 1.49 and t PMMA ¼ 110 nm. Simulations were carried out for the free space wavelength k 0 ¼ 568 nm. We assume a wide crosssectional computational window region (>10 lm) and an air superstrate layer of 10 lm. The glass substrate (n ¼ 1.52) was also included in our simulations. Using the above parameters and geometry we determined the real part of the effective refractive indexes as: n 1 ¼ 1.014 and n 2 ¼ 1.075.
Using n 1 and n 2 from the FEM analysis we calculated the entire band surface of the crystal over the full range of kspace using the PWE method, rather than only along the high crystal symmetry lines. By slicing this surface at the frequency of interest (k 0 ¼ 568 nm) we obtained the desired equifrequency contour lines. Band structure simulations were performed using Bandsolve TM from RSoft. 16 In our approach we used the periodic zone scheme as opposed to the typically used reduced scheme [plotting the band solutions only within the first Brillouin zone (FBZ)]. This allows us to perform a direct comparison between simulated and experimental equifrequency curves as some of our experimental data lies outside of the FBZ.
III. EXPERIMENT
Details of sample fabrication and the SPP tomography technique can be found in Refs. 6 and 17. The schematics and a scanning electron microscope (SEM) image of a fabricated plasmonic crystal with square lattice symmetry are shown in Fig. 1 . Plasmonic crystals investigated here consist of periodic arrays of air holes defined on 110 nm thick dyedoped (Rhodamine 6 G) PMMA layer, with peak emission at 568 nm wavelength, using electron-beam lithography technique. The dye-doped dielectric layer was spun over a 50 nm thick gold film deposited on a glass substrate. The dye molecules were excited by a 532 nm wavelength pumping laser. The excited molecules emit randomly, and a fraction of the emitted light couples evanescently to the allowed surface plasmon modes. 18 For a uniform PMMA layer, this corresponds to light emission in all directions, but the presence of the crystal will alter how the photons are allowed to propagate within the crystal. 6 By collecting the leaked light from the sample and transforming the image into the FP with a high numerical aperture (NA) microscope objective lens, one obtains the corresponding momentum-map of the photons propagating in the crystal. 6 Bright intensity in the equifrequency contour lines corresponds to an allowed propagating mode. The light intensity at each point in the k-space is proportional to the density of optical states (DOS) at that point. For instance, in the image regions where Bragg diffraction occurs at the crossings of Brillouin zone boundaries, the DOS is zero, and this corresponds to dark regions of the FP image.
The signature of surface plasmon propagation in the FP of a uniform dye-doped dielectric layer over a metal film consists of a bright continuous ring with radius proportional to the guided mode effective refractive index and width proportional to the mode propagation losses. There is also a weak background of light which corresponds to the maximum angle collected by the microscope, and therefore is related to the NA of the collecting microscope objective lens. For dielectric loaded plasmonic crystals, 6 extra rings centered at the reciprocal lattice points of the crystal, similar to a Harrison construction in solid-state physics, 19 are observed since the Bloch function is periodic in the momentum space with periodicity G, the reciprocal lattice vectors of the crystal.
Shown below are simulated and measured equifrequency curves for PmC with square ( Fig. 2) and hexagonal ( [Figs. 2(a)-2(c)] are typical for square lattice photonic crystals outside of the bandgap region. 2, 20 As can be observed from those figures there are several diffraction orders of the equifrequency lines with gaps taking place at Brillouin zone crossings where Bragg diffraction occurs. However, rather than plotting a single band for multiple frequencies to investigate how the dispersion changes, as is often performed in the simulations of dielectric photonic crystals, we plot multiple bands for a singular frequency. This analysis is particularly useful when investigating k-values which lie outside the FBZ. This is because any part of the central ring which exists in the Brillouin zone of jth order must also exist in the corresponding indexed band number j. 19 For the plots shown in Fig. 2 , k is normalized to the period ( p ¼ 1).
In order to provide convincing evidence of the effectiveness of the proposed simulation approximation method we show in Fig. 4 the overlay of simulated [ Fig. 3(b) ] and experimental [ Fig. 3(e) ] equifrequency curves for the plasmonic crystal with hexagonal lattice, d ¼ 200 nm and p ¼ 350 nm. It is evident from Fig. 4 the excellent agreement between simulated and experimental curves. Similar excellent matching was observed for the other plasmonic samples investigated here.
IV. RESULTS AND DISCUSSION
The results shown in Figs. 2-4 demonstrate unambiguously that the directional bandgaps and equifrequency contours of a rather complex dielectric-loaded PmC can be predicted using the real effective refractive index approach. However, the simulation does not predict the changes in the relative intensity of different equifrequency contours in the FP images, since the PWE method provides information about the allowed propagating modes and not the DOS. Therefore, we can obtain additional qualitative, but very useful, information about the directivity of light propagation within the plasmonic crystals by plotting multiple bands. From a direct comparison between the FP images and the equifrequency curves, it is clear that the light tends to concentrate in the lowest order available band. This is the case when bands 0 and 1 are present and the line intensity contrast is large (see Fig. 4 ). This argument is also valid for bands 1 and 2, where the line intensity contrast is smaller [as can be seen in Fig. 3(f) ]. This is not surprising considering that the equifrequency curves intersects the FBZ at the crossing between bands 0 and 1 but intersects the second Brillouin zone (SBZ) at the crossing between bands 1 and 2, which is therefore a higher order effect. As we can see in Fig. 3(d) , it is also evident that the optical DOS is higher where the ring is closer to the FBZ boundary. This is supported by simulation results on photonic crystals where the calculated DOS has a maximum at the band-edge and always occurs at a high symmetry point lying on the FBZ boundary. 2 It should be pointed out here that the simulations of the equifrequency dispersion curves in PmC have limitations. For example, the frequency dispersion and ohmic losses due to the presence of the metal layer (gold) were not taken into consideration in our analysis. The two effective indexes used in the simulations (PMMA-gold and air-gold) will change with the operating frequency, and this will alter slightly the equifrequency curves. The absence of losses in our simulations resulted in constant intensity equifrequency contours. The losses, for instance, can be determined experimentally from the width of a Lorentzian fit to spatial regions of the FP images of the PmC corresponding to different propagation directions. However, the excellent agreement between measured FP images and simulated equifrequency contours of dye-doped dielectric loaded PmC suggests that our approach is effective to predict light propagation in these structures and this is critical for future device design applications, such as super-prism and super-collimation. Another limitation of our analysis concerns in-plane propagation of modes in a two-dimensional slab waveguide. However, this is the predominant method for fabricating actual devices based on periodic structures and therefore warrants real application, as opposed to previous studies on infinitely long metal rods suspended in a dielectric.
V. CONCLUSIONS
In summary, we presented a simulation analysis of the equifrequency distribution in PmC using only the real part of the effective refractive indexes from distinct regions of the crystals. Our simulations were compared with measured FP images, obtained with the SPP tomography technique, on dye-doped dielectric-loaded PmC with square and hexagonal symmetries with different lattice periods. An excellent agreement between simulations and experiments was verified for all samples investigated here. Our analysis provides an effective tool for future device design based on dielectric-loaded PmC for different applications including super-collimation and super-prism. However, it should be noted from our experimental results that if the equifrequency lines crosses multiple bands, for a given frequency, the light will not be evenly distributed among the lines, which could cause a significant decrease in strength of the desired effect. 
